Although both local processes (photosynthesis, respiration, grazing, and 15 settling), and transport processes (advective transport and diffusive transport) 16 significantly affect local phytoplankton dynamics, it is difficult to separate their 17 contributions and to investigate the relative importance of each process to the local 18 variability of phytoplankton biomass over different timescales. A method of using the 19 transport rate is introduced to quantify the contribution of transport processes. By 20 combining the time-varying transport rate and high-frequency observed chlorophyll a 21 data, we can explicitly examine the impact of local and transport processes on 22 method similar to the open water oxygen method for metabolism is also presented to 29 estimate phytoplankton primary production. 30 Keywords: Transport rate; phytoplankton biomass; high-frequency observational data; 31 primary production; timescale; open water method 32 65 James River, and peak at the location where residence time becomes large due to a 66 change of geometry, where about two-thirds of the net primary production is respired 67 locally, and the remaining one-third is transported out of the region by fluvial and tidal 68 advection. It suggests that the variability of phytoplankton biomass can be altered by a 69 dynamic condition resulting from a change of local geometry. 70 These studies point out the relative importance of transport processes compared to 71 local biological processes on particular timescales. However, due to the difficulty to 72 explicitly separate their contributions, few contributions to the literature discuss how 73 the comparison changes over a range of timescales from days to years though which is 74 interesting to know for some studies. For example, Lucas et al. (2009) suggest that the 75 157
phytoplankton biomass over a range of timescales from hourly to annually. For the 23 Upper James River, results show that the relative importance of local and transport 24 processes differs on different timescales. Local processes dominate phytoplankton 25 variability on daily to weekly timescales, whereas the contribution of transport 26 processes increases on seasonal to annual timescales and reaches equilibrium with local 27 processes. With the use of the transport rate and high-frequency chlorophyll a data, a 28
Introduction
Phytoplankton dynamics, such as the variability of biomass at a location, are 33 controlled by both local processes and physical transport processes. Local 34 environmental conditions, such as temperature, light, nutrient supply, and grazing 35 pressure, strongly regulate phytoplankton growth and primary production through both 36 bottom-up and top-down controls (Kremer and Nixon, 1978) . Transport processes in 37 aquatic systems, including advective transport and diffusive transport, affect 38 phytoplankton biomass by redistributing either biomass (direct effect), or dissolved and 39 particulate constituents such as nutrients that regulate phytoplankton growth (Lucas et 40 al., 1999; Cloern, 2001; Paerl et al., 2006; Lancelot and Muylaert, 2011) . 41 The interactions between local and transport processes are complex, and their 42 contributions to phytoplankton dynamics can vary under different dynamic conditions. 43 Because each external forcing (e.g. tide, flow, and wind) and environmental factor (light 44 and temperature) has its own periodic fluctuation, the fluctuation will affect these two 45 processes. We hypothesize that the relative importance of local and transport processes 46 varies with timescales, which is also indicated by previous literature. Lucas et al. (2006) 47 suggest that intra-daily variability of phytoplankton biomass is largely controlled by both 48 the diurnal light cycle and the semidiurnal tidal oscillation, which implies the importance 49 of contributions from both local environmental conditions and tide on the hourly 50 timescale. Lake et al (2013) conduct measurements of photosynthetic rates and 51 integrate daily production on summer months in the York River for both the spring and 52 neap tides. They find that daily primary production does not show a clear variation 53 during spring-neap cycle, which suggests that the local biological processes are 54 dominant for daily primary production rather than transport processes. Shen et al. 55 (2008) show that the high biomasses of macroalgae and phytoplankton are the 56 dominant cause of diurnal variation of dissolved oxygen concentration (DO) resulting 57 from high production during daytime and high respiration at night. It suggests that local 58 biological processes can be the dominant processes for primary production for the daily 59 timescale in estuaries and shallow-water systems. Conversely, changes in freshwater 60 discharge are considered to be a major factor driving strong seasonal and annual 61 patterns of phytoplankton biomass in river-dominated estuaries, which modulate the 64 Bukaveckas et al. (2011) show that algal blooms vary longitudinally along the Upper variability of phytoplankton biomass can be described by a steady-state balance 76 between local biological processes and transport processes described by residence time 77 (i.e., it assumes that the variability of phytoplankton biomass is negligible, and local and 78 transport processes are equal but counterbalanced in contribution). While this steady-79 state balance assumption may hold for long-term timescales, it is questionable for 80 short-term timescales, such as daily and weekly timescales. A relevant discussion on the 81 comparison of relative importance of the two processes is helpful to answer on what 82 range of timescales the assumption is valid. 83 The relative importance of each process on phytoplankton dynamics also needs to 84 be evaluated for studies based on in situ observational data. As the development of 85 instruments, many water quality parameters like DO and chlorophyll-a fluorescence can 86 be measured in situ at 15-minute intervals, which is often referred to as high-frequency 87 data (http://web2.vims.edu/vecos/). The easy accessibility of high-frequency DO data 88 has prompted wide applications of the open water method for estimating ecosystem 89 primary production and metabolism (Odum, 1956 Kemp and Testa, 2011) . When applying this method for 91 estimating daily ecosystem primary production and metabolism, the effect of physical 92 transport processes is usually neglected (Staehr et al., 2010) . This estimation without 93 considering transport, however, may have large biases when biological metabolism or 94 DO is significantly influenced by transport processes (Kemp and Boynton, 1980) . In the 95 discussion section of this study, we applied a similar open water method to estimate 96 phytoplankton primary production using high-frequency chl-a concentration (denoted 97 by chl-a) data. The question as to whether the approach will cause more bias using 98 phytoplankton data is unknown as spatial horizontal gradients of chl-a are often larger 99 than those of DO. To evaluate the approach, the contribution of the transport processes 100 on the daily timescale needs to be addressed. 101 The objective of this study is to evaluate how the relative importance of local and 102 transport processes to the local variability of phytoplankton biomass vary over a range 103 of timescales from hours to years. Because the transport processes not only affect the 104 phytoplankton biomass but also affect the nutrient transport, when evaluating the 105 relative importance of transport processes to biomass variability, the contribution of 106 transport processes is restricted to the direct effect that redistributes biomass, and 107 therefore other indirect effects that regulate phytoplankton growth, such as 108 temperature, light availability, and nutrient limitation, are attributed to the contribution 109 of local processes. The Upper James River was selected as the study site where both 110 local and transport processes contribute greatly to phytoplankton dynamics 111 (Bukaveckas et al., 2011). 112 
Methods
In this section we first presented how to attribute the variability of phytoplankton 113 biomass to the contributions of local and transport processes separately by 114 decomposing the transport equation. Then we presented a detailed procedure to 115 compute each contribution by using in situ observational phytoplankton data and 116 dynamic fields. The phytoplankton biomass dynamics and contribution of local processes were estimated using observational data, while the contribution of transport 118 processes was estiamted using dynamic fields computed by a dynamic model. Lastly, we 119 statistically analyzed to evaluate the relative importance of local and transport 120 processes, repectively, over a range of timescales. The observation of phytoplankton data can be described by a three-dimensional 123 transport equation with source and sink terms (Chapra, 1997) . For simplicity, the first-124 order reaction transport equation for volumetric phytoplankton biomass in the x-125 direction can be expressed as follows:
where C denotes volumetric phytoplankton biomass (g C m -3 ), x and t denote location 128 and time, respectively, u is current velocity (m s -1 ), K is diffusivity (m 2 s -1 ), and g denotes 129 the growth rate of phytoplankton (d -1 ) as a result of local processes. We combined 130 growth and loss as a net growth term g, as = − − , where G is the gross 131 growth rate, R is the respiration/excretion rate, and M is the mortality rate due to both 132 grazing and settling. The gross growth rate G is a function of available light, nutrients, 133 and temperature (Chapra, 1997 Analogous to the algal growth for biological process, we express transport processes 151 as a transport rate FB, which is defined as properties) or it is spatially homogenous, equals , and equals . We will refer to 175 r as the relative growth rate, and to as the effective growth rate in the following 176 sections. As F only represents the transport contribution, a negative F value corresponds 177 to a "transport in" process that increases biomass, and a positive F value corresponds to 178 a "transport out" process that decreases biomass in accordance with Eq. ( 232 where the subscript "hr" denotes the observed hourly growth rate, and C: chl-a ratio 233 was withdrawn since it did not affect rate computation. The C: chl-a ratio varies with 234 seasons and species, which can be measured using observations. We applied a constant 235 C: chl-a ratio at Stations TF5.5 and RC as the seasonal variation of C:chl-a ratio is 236 relatively small and the average C: chl-a ratio was 39±2 g C/g chl-a (Bukaveckas et al.,
2.4.
Compute transport rate 239 The transport rate F can be computed based on a conservative tracer using a 3D 240 numerical model. For a conservative tracer , it is governed by Eq. (1) with zero growth 241 rate (Note that C is replaced by tracer concentration for clarity): 
It can be seen that the mean rate only depends on the biomass at the beginning and 280 ending time for the interval of ∆ . Therefore, rates for timescales longer than the hourly 281 timescale can be obtained by two equivalent methods, either using Eq. (7) with ∆ 282 equals the particular timescale, or using the average as Eq. (10). Here, the two methods 283 Eq. (7) and Eq. (10) were applied to data at Station TF5.5 and RC, respectively. After we 284 obtain both ̅ and ̅ , the effective growth rate ̅ on that timescale was calculated using discharge events, may dramatically increase contribution of transport processes in a few 306 days at Station RC, and have greater impact on phytoplankton dynamics than local 307 processes during those events; but these signals were filtered out when considering the 308 entire observational period, and it will later be shown that the change of phytoplankton 309 biomass on daily timescales was overall dominated by local processes (Section 3.7). 310
Results

Evaluation of contribution of transport processes 311
By comparing the transport rate to the relative growth rate, the contribution of 312 transport process to phytoplankton biomass variability was evaluated over a sequence 313 of timescales. Note that for long-term timescales (monthly, seasonal, and annual), we 314 only presented results from long-term monitoring data at Station TF5.5, and 315 summarized results from high-frequency data at Station RC at The correlation of the relative growth rate r and the transport rate F for a 3-year 319 period was analyzed using the high-frequency data for timescales shorter than daily (Table 1) . Overall, their correlations were quite low, suggesting that transport processes 321 were not the dominant processes to phytoplankton variability for those timescales 322 during the observation period. 323 The tide in this estuary shows a semidiurnal cycle. From a transport perspective, the 324 net effect of transport on biomass is more important in tidal and daily timescales. 325 However, for an intratidal scale, the tide can have a large influence on biomass during 326 the flood and ebb periods, which will modulate the phytoplankton concentration in the 327 water column. The contribution of tide, therefore, is expected to play an important role 328 in the phytoplankton dynamics during food and ebb periods. An example from October 329 2008 is shown in Fig. 2 . Rates r and F on the timescale of 6 h were significantly linearly 330 correlated (R 2 = 0.52, p < 0.001). The correlation was even higher when only nighttime 331 data were used (Fig. 2c , R 2 = 0.54, p < 0.001). A strong tidal signal was observed that 332 indicated both rates were modulated by the semidiurnal tide.
333
The 6-h averaged time series data revealed that increases in phytoplankton biomass 334 occurred during the night (r > 0) when no photosynthesis occurred (Fig. 2c) , and the 335 mass increase corresponded to a negative transport rate (note that figure plots use -F), 336 which suggests that the increases in biomass at night were caused by a "transport in" 337 process due to the transport induced by tides and freshwater discharge. Although the 338 tide can modulate the intratidel transport processes, the large intratidal variability will 339 be filtered for a tidal or daily period and the influence of net physical transport 340 processes on biomass on tidal and daily timescales is not as important as local processes 341 (Table 1) . The transport rate F was correlated to the relative growth rate r at Station TF5.5 for 352 the period from 2000 to 2013 (R 2 = 0.25, p < 0.001) as shown in Fig. 3c and 3d . 353 Variations of r and F were in phase, in general, which suggests that the monthly 354 variability of phytoplankton biomass is modulated by hydrodynamics. Note that only 13- 355 year result was presented in Fig. 3 For the seasonal timescale, analysis of the time-series data from the years 1990 to 360 2013 showed that transport rate F was correlated with relative growth rate r (R 2 = 0.22, 361 p < 0.001, Fig. 4b ). The transport rate F remained positive, and transport processes had 362 a net "transport out" effect on phytoplankton biomass throughout the observation 363 period (Fig. 4a ). The relative growth rate r had either positive or negative values, but the corresponding effective growth rate was always positive, suggesting that the 365 contribution of local processes leads to an increase in phytoplankton biomass. 366 All three rates (r, F, and ) showed seasonal variations (Fig. 5) . The transport rate, F, 367 appeared to have smaller magnitudes during summer than during other seasons, 368 corresponding to the lowest freshwater discharge into the James River in the summer. 369 The effective growth rate, , seemed to be lower during summer and fall than during 396 We used median rates as representative of typical values for each timescale (Fig. 6a) . 397 Positive values of the rates r, and -F corresponded to the increase of phytoplankton 398 biomass whereas negative values indicated a decrease. Both medians of positive and 399 negative rates, respectively, are listed in Table 1 . In general, both the medians of 400 positive and negative rates decreased as the timescale increased. 401 For seasonal or longer timescales, the medians of transport rates (-F) were negative 402 at Station RC (Table 1 ). In fact, -F was always negative on these long-term timescales, 403 suggesting that the net contribution of transport processes flushed biomass 404 downstream ("transport out"). was always positive, suggesting that the net 405 contribution of local processes was to increase the phytoplankton biomass, i.e., 406 phytoplankton primary production was larger than the loss from respiration, excretion, 407 settling, and grazing. The competition between local and transport processes leads to either an increase or a decrease of phytoplankton biomass, which was reflected by the 409 existence of both positive and negative values of r when the timescale exceeded the 410 monthly timescale. to 2008 ( Fig. 6c and 6d ). The coefficient of determination, R 2 , also showed that the 418 proportions of r variance that could be explained by the transport rate F increased with 419 the increase of timescale, whereas the proportions that could be explained by the 420 effective growth rate, , decreased. 421 The relative importance of contributions of local and transport processes over 422 continuously increasing timescales were compared for the period from 2006 to 2008 423 (Fig. 6d ). The relative importance of transport processes had an increasing trend with 424 increasing timescale whereas that of local processes had a decreasing trend, and they 425 were equally important in the monthly timescale at Station RC. The relative importance 426 of each contribution was more diverse in timescales shorter than daily; it shows that the 427 contribution of local processes peaked on daily and tidal timescales, whereas the 428 transport processes showed peaked relative importance on timescales around 6 and 18 429 h (Fig. 6d) . These variations are caused by the intratidal variability and will be discussed 430 in the next section. It can be seen that tide also modulates the local processes though 431 the net tidal contribution is less. impact on transport processes from tides is minimal by averaging over a complete tidal 454 cycle, it is consistent with results in Fig. 6c and d . 455 The local processes are fundamental for phytoplankton variability, regardless of the 456 transport processes. It is found that local processes always have an important 457 contribution to the phytoplankton biomass dynamics in the Upper James River even on 458 the timescales with a large physical contribution (Fig. 6d ). For the monthly timescale, 459 the results are more scattered with an increase of residence time (Fig. 3b ), these large 460 residence times usually occurred in summers when both riverine flows and transport 461 rate were small (Fig. 5) , and the contribution of local processes became relatively more 462 important than that of transport processes. Local processes play critical roles on diurnal 463 timescales, owing to the well-recognized diurnal variation that phytoplankton biomass 464 increases during the day because of photosynthesis, but decreases at night. 465 The contribution of local processes also showed seasonal variations represented by 466 the effective growth rate (Fig. 5) . In general, a smaller value of appeared in summer 467 and fall than during winter and spring. One possible reason for this seasonal change is 468 the phytoplankton species succession. The "transport out" effect by freshwater has 469 been found to be a determining factor on phytoplankton growth and composition in that this balance is acceptable on long-term timescales but may be questionable on 486 shorter timescales. Therefore, it is interesting to examine on which timescales this 487 assumption is valid.
488
The steady-state assumption is equivalent to assuming that r = 0, or that the 489 magnitude of r is negligible compared to the magnitudes of and . Direct comparisons 490 of r to and show that the assumption is valid for seasonal to annual timescales in 491 the region as r is small. By using the root-mean-square (rms) of each rate to quantify 492 their magnitudes, it is found that the ratios of rms(F) to rms(r) and rms( ) to rms(r) 493 increased as timescales increased (Fig. 6b ). This suggests that contributions of local and transport processes have the tendency to be balanced only when the timescale is longer 495 than 10 days ( Fig. 6a and b) . Their difference becomes more significant for hourly to 496 daily timescales. where GPP is the 15-minute phytoplankton gross primary productivity (g C m -2 15 min -1 ),
509
RPP is the 15-minute rate of total phytoplankton respiration and consumption (including 510 respiration, grazing, and settling, g C m -2 15 min -1 ), which represents total biological 511 losses. FPP is the 15-minute rate of transport in or out of phytoplankton by transport 512 processes (g C m -2 15 min -1 ); a positive FPP (-F < 0) means that the carbon produced by 513 local biological processes is transported out of this location and benefits the food web in 514 adjacent areas (Cloern, 2007) . We also use DPP to denote the difference between GPP 515 and RPP, The amount of primary production transported out ranges from 7% to 13% 548 (FPP/GPP). It suggests that the net physical transport processes have a minor impact on 549 estimates of GPP and RPP on daily scale under normal weather conditions. This is 550 consistent with the analysis of biomass variability on the daily timescale. 551
Conclusions
To evaluate the contribution of transport processes to phytoplankton biomass 552 variability using high-frequency observational data, we introduced the transport rate 553 method, which enables us to estimate each contribution exclusively as a first-order 554 approximation. The Upper James River was selected as the study site, and the results 555 support the hypothesis that both local and transport processes contributed significantly 556 to the local variability of phytoplankton biomass, but their relative importance changed 557 on different timescales. On a short-term basis such as daily and weekly timescales, even 558 though the transport processes could modulate phytoplankton biomass variability on an 559 intratidal timescale due to flood and ebb variations, the intratidal variations will be 560 removed over a tidal cycle. The local processes dominated the overall contributions 561 during the observational period; however, the relative importance of transport 562 processes tended to be equivalent to the local processes in the long-term timescales 563 (e.g., seasonal and annual). Another analysis of this study shows that the local processes 564 were almost balanced by the transport process on the seasonal and annual timescales, 565 and approached a steady-state condition for phytoplankton dynamics, whereas the time 566 derivative term became important for shorter timescales. 567 Examination of the transport rate revealed that transport processes exhibited a 568 persistent "transport out" effect on long-term timescales to decrease in situ 569 phytoplankton biomass in this region, but it was not the case for timescales shorter than 570 seasonal that transport processes could either increase or decrease the biomass, 571 corresponding to "transport in" and "transport out" processes, respectively. The use of the transport rate is a first-order approximation for quantifying transport 578 processes. Zero concentrations were applied at the boundaries for this study, and the 579 computed transport rate F did not account for the possible effects of inputs from 580 boundaries (though these are very low), and therefore the contribution of the transport 581 processes considered was the redistribution of biomass produced within the study area 
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